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We propose and analyze a four-terminal metal-semiconductor device that uses hot-electron trans-
port through thin ferromagnetic films to inject and detect a charge-coupled spin current transported
through the conduction band of an arbitrary semiconductor. This provides the possibility of real-
izing a spin field-effect-transistor in Si, using electrostatic transit-time control in a perpendicular
magnetic field, rather than Rashba effect with spin-orbit interaction.
When Datta and Das first introduced the spin field-
effect-transistor (spin-FET) in 1990, they ignited years
of experimental efforts to create a device wherein the
electron transport is modulated by electrostatic control
of electron spin direction.[1] They proposed that in the
semiconductor channel between a ferromagnetic (FM)
source providing spin polarized electrons and a FM spin-
analyzing drain, the presence of spin-orbit interaction
and an electric field induced by a voltage on a gate will
cause a Rashba effect, acting as an effective magnetic
field, causing controlled spin precession.[2, 3] Their anal-
ogy to an electro-optic modulator illustrated how the
drain current was expected to be periodically dependent
on gate voltage. Since this seminal contribution, how-
ever, many difficulties in realizing a true spin-FET have
arisen.
First, efficient spin injection was shown to be dif-
ficult due to the inherent conductivity mismatch be-
tween ferromagnetic metals and typical semiconductors
in ohmic contact.[4] This problem has been solved in re-
cent years by using a tunnel-junction barrier between the
FM and semiconductor,[5, 6, 7] or with ballistic hot-
electron transport through the FM and injection over
a Schottky barrier into the semiconductor conduction
band.[8]
Although optical methods have been used to reveal
much of the underlying physics of spin dynamics and
transport in direct-bandgap semiconductors,[9] electri-
cal spin detection remains a significant problem, es-
pecially for indirect-bandgap semiconductors. Recent
progress using the epitaxial Fe/GaAs system for non-
local detection of spin diffusion with voltage sensing is
encouraging,[10] but a device not requiring epitaxial in-
terfaces would clearly be more useful in adapting spin
transport to other semiconductors. One semiconductor
of interest in which spin transport has not been studied
extensively is Si, which has several promising attributes
suggesting a long spin lifetime: zero nuclear spin for the
most abundant isotope Si28, crystal lattice inversion sym-
metry maintaining spin-degenerate bands, and low spin-
orbit interaction.[11] The latter quality, while important
for long spin lifetime, is contrary to the initial suggestions
of Datta and Das, because it leads to a weak Rashba
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FIG. 1: Schematic band diagram of the proposed spin-
transport device. Contacts for the emitter bias VE, drift bias
Vb, and collector current IC are shown. Refer to text for
explanation of transport steps [1]-[5]
effect in an applied perpendicular electric field. There-
fore, any spin-FET based on Si must depart from the
Datta-Das design and make use of a mechanism of spin
precession other than Rashba effect. Here we describe a
semiconductor device that uses hot-electron transport in
FM thin films for spin polarization and injection, elec-
trostatically controlled spin precession in a semiconduc-
tor, and hot-electron spin analysis. The device design
is not sensitive to metal-semiconductor interfaces and so
is applicable to any non-degenerate semiconductor mak-
ing Schottky barriers with FM metals, not just epitaxial
systems.
A schematic band diagram of the proposed device is
shown in Figure 1. There are essentially five steps of
transport to illustrate. In step 1, a solid-state tunnel
junction injects initially unpolarized electrons from the
normal metal (NM) emitter through the ferromagnetic
base (FM1) by biasing with an emitter voltage (VE). Bal-
listic spin filtering, as in a spin-valve-transistor,[12, 13,
214] selectively scatters minority spin hot electrons in FM1
(i.e. those with spin direction antiparallel to the FM1
magnetization direction) (step 2), so that the electrons
transported over the Schottky barrier into the conduction
band are spin polarized (step 3). After relaxation to the
conduction band minimum and drift/diffusion through
the semiconductor (step 4), the electrons are ejected over
the Schottky barrier between the semiconductor and an-
alyzing ferromagnetic film (FM2). Ballistic spin filtering
scatters minority spin electrons, making the collector cur-
rent (IC) of electrons ballistically transported through
FM2, and into the collector conduction band (step 5),
dependent on the relative orientation between the elec-
tron spin after transport and the FM2 magnetization.
This device can be fabricated in a vertical geometry with
standard vacuum wafer bonding during FM deposition,
as in the original spin-valve transistor.[13]
The semiconductor drift region is bounded on both
sides by rectifying Schottky barriers, so the drift bias
(Vb) does not cause a spurious current to flow. In fact,
because this device uses hot-electron transport on both
the injection and detection sides, thermalized electrons
are excluded. Therefore, the current and voltage in the
drift semiconductor are essentially independent during
operation. This enables the electric field provided by Vb
to directly alter the transit time of spin-polarized elec-
trons from injection at the FM1/semiconductor interface
to detection at the FM2/semiconductor interface. If a
magnetic field is further provided in the direction of the
electron flow (left to right in Fig.1), it will cause pre-
cession if it is sufficiently small (<≈1T) that the mag-
netizations of FM1 and FM2 remain in-plane (vertical
in Fig. 1) due to shape anisotropy. Under these condi-
tions of perpendicular magnetic field, the final precession
angle will be determined by θ = ωτ , where ω = g µBh¯ B
is the spin precession (Larmor) radial frequency, and τ
is the electron transit time from injection to detection.
The fundamental parameters h¯ and µB are the reduced
Planck’s constant and the Bohr magneton, respectively;
g is the spin gyromagnetic ratio and B is the applied
perpendicular magnetic field. If transport is dominated
by drift, the transit time τ is L/v, where L is the dis-
tance from injection to detection and v is the drift ve-
locity v = µE, where µ is the electron mobility in the
semiconductor and E is the electric field. The applied
voltage Vb therefore controls the spin precession angle at
the polarization analyzer through its associated electric
field Vb/L:
θ = g
µB
h
B
L2
µVb
(1)
We can model the collector current dependence on
both magnetic and electric fields using
∆IC ∝
∫
∞
0
P (x = L, t)cos(ωt)e−t/τsfdt (2)
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FIG. 2: Perpendicular magnetic field dependence of change
in collector current ( ∆IC) obtained by integration of Eq.
2 using Eq. 3 for drift velocity v ≈ 0, where diffusion is
dominant.
where P (x = L, t) is the distribution function of elec-
trons arriving at the analyzer (x = L) at time t, after
coherent spin-polarized injection at t = 0. The expo-
nentially decaying component of the integrand takes into
account a finite spin-lifetime, τsf . This expression has
been used to model spin transport in Al using a non-
local geometry, but in that case the distribution function
is the solution to the standard diffusion equation.[15] In
the present case involving diffusion and drift, we must
therefore use the solution to the drift-diffusion equation.
A convenient approximation to the exact solution of this
partial differential equation is a moving Gaussian:
P (x, t) =
1
2
√
piDt
e−
(x−vt)2
4Dt (3)
where D is the diffusion coefficient. We integrate Eq.
2 using the distribution function given in Eq. 3 as a
function of perpendicular magnetic field B, when g = 2,
D = 36cm2/s (parameters for Si), L = 10µm, and τsf
is estimated at 1 ns. For v ≈ 0 (shown in Fig. 2), the
standard diffusion-only case is recovered and the result-
ing curve is reminiscent of the results shown in Fig. 3
of Ref.[14]. At zero magnetic field, no spin precession
occurs, and the spin polarization at the detector is par-
allel to the FM magnetization if the polarizer and ana-
lyzer FM are parallel, causing a high spin detection sig-
nal. Since the average transit time over length L for
purely diffuse transport is L2/2D, the average electron
has precessed ±pi radians when the perpendicular mag-
netic field is on the order of Bmin = ± DhgµBL2 , a condi-
tion that causes a pronounced minimum in signal due to
the projection of FM2 magnetization on the antiparal-
lel spin direction for small nonzero magnetic field values.
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FIG. 3: Change in collector current (IC) as a function of
magnetic field perpendicular to the FM1 and FM2 magne-
tization direction. As the magnetic field increases, the final
average precession angle increases in a fixed transit time de-
termined by the drift velocity. (a)-(c) are for drift velocities
v = 2× 106 , 3× 106, and 5× 106 cm/s, respectively. Since IC
is proportional to the projection of electron spin on the FM2
magnetization direction, the signal oscillates with magnetic
field.
Higher-order precession extrema at higher perpendicular
magnetic fields are dampened in Fig. 2 by the wide distri-
bution of final spin directions caused by random diffusion
in a process called dephasing.
When the drift velocity v is increased by a nonzero
Vb to the regime where L/v ≪ L2/2D, drift dominates
over diffusion. This case is shown in Figure 3(a-c). The
shortened transit time τ causes a reduced precession an-
gle θ = ωτ in a fixed magnetic field, resulting in the ±pi
precession minima shifted to higher perpendicular mag-
netic fields. Higher order precession extrema are more
apparent as well, due to the reduced role of diffusion and
consequently less dephasing.
Now we describe variable electrostatic control over IC
with Vb, and demonstrate in principle how to operate
this device as a spin FET. If the perpendicular magnetic
field is fixed at a nonzero value ≫ Bmin, it is appar-
ent from the results shown in Fig. 3 that increasing the
accelerating voltage Vb will change the precession angle
at detection (x=L) through Eq. 1, and (in minimal de-
phasing) cause an oscillation in IC . Figure 4 shows the
integral Eq. 2 evaluated at a static perpendicular mag-
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FIG. 4: Modulation of collector current IC with drift voltage
bias Vb at a fixed perpendicular magnetic field B = 1000Oe.
Because the device has rectifying Schottky barriers on both
sides of the drift region, this applied voltage only changes the
spin-polarized electron transit time without causing spurious
currents to flow. As the drift velocity changes, the extrema
shown in Fig. 3 pass through this point, causing the oscilla-
tions seen here.
netic field B = 1000Oe (which can be supplied in prac-
tice by a permanent magnet), as a function of Vb, using
again L = 10µm and µ = 1400cm2/V · s. At accel-
erating voltages Vb close to zero, diffusion is dominant
and hence the collector current remains unchanged until
Vb ≈1V. However, at higher values of voltage bias, the
collector current shows several oscillations of increasing
magnitude. Comparing with Fig. 3(a-c), it is clear that
these oscillations are due to the precession extrema pass-
ing through the point where B = 1000Oe as v = µVb/L
changes. This oscillatory dependence on applied acceler-
ating voltage clearly shows that this device is capable of
modulating a current with an electrostatic field via con-
trolled precession. It therefore comprises a spin-FET.
In conclusion, we have proposed a new spin-transport
device which can be operated as a spin-FET. The most
salient features of this device are (1) ballistic hot-electron
transport through FM thin films for both spin polariza-
tion and analysis, and (2) the independent control over
current and electric field in the drift region provided by
Schottky contact at the metal-semiconductor interfaces.
These properties allow electrostatic control over the col-
lector current of our device in a static perpendicular mag-
netic field, and provide a pathway toward investigating
spin transport in semiconductors (including Si) previ-
ously inaccessible to other spintronics methods.
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